An increasing body of evidence indicates that aging-related impairments of nervous functions
W ITH advancing age, the incidence of neurodegeneration and clinical signs of nervous disorders such as sensory-motor impairment(s) increase. Aging of the nervous system has been associated with decreased numbers of neurons, axon lesions, and astrogliosis. A general loss of neurons during aging has more recently been challenged (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) , and a reduction in the number of neurons associated with aging has only been established for discrete regions of the brain and, thus, seems to be highly selective (11) (12) (13) (14) (15) . In contrast, changes in aging neurons such as reduction/loss/remodeling of dendrites/spines and reduction/degeneration/dystrophy of axons have been firmly established (refs. 5 and 16-21; for reviews, see refs. 22 and 23) . Damage of axons also includes the terminals, and dystrophy, degeneration, and loss of axon terminals have been reported in a number of studies [refs. 24-33 ; see also a review by Cotman and Holets (23) ]. Studies examining loss of synaptic input with age have mainly been executed on tissue from hippocampus, various cortical regions, and the cerebellum (for references, see above). There seem to be no data available on the spinal cord motor nucleus, despite the frequent occurrence of motor incapacities that come with age (34) (35) (36) (37) (38) . Furthermore, immunohistochemical studies have shown extensive axon degeneration/ dystrophy in specific inputs to the motor nucleus [20, 39^41; see also Bergman et al. (42) ]. Therefore, we have used electron microscopy to examine boutons apposing cervical and lumbar motoneuron somata in 30-month-old (median survival age cohort) and young adult (3-month-old) SpragueDawley rats. In addition, immunohistochemistry for glial fibrillary acidic protein (GFAP) (43) and Marchi staining of myelin were used to verify astrogliosis and changes in myelin staining.
MATERIAL AND METHODS

Experimental Animals
In this study, male Sprague-Dawley rats (SD; strain:
Bkl:SD), including a total of eight young adult (2-3 months old; body weight: 200-300 g) and eight aged rats (30 months old; body weight: 450-650 g), were used. The animals were delivered by a local breeder (B&K, Stockholm, Sweden) at 2 months of age and thereafter kept under standardized barrier-breeding conditions at our department (12 h light/12 h dark cycle) with free access to water and food (R70, with reduced protein content; Lactamin, Vadstena, Sweden). Under these conditions the median life span is about 30 months (±2 months across cohorts) for both males and females (44) (45) (46) (47) . Based on this, the 30-month-old rats were defined as "aged." Rats show a progressive deterioration of motor behavior during aging (34) (35) (36) (37) 39, 48) , with symptoms usually starting during the third year of life and mainly affecting the hind limbs ("posterior paralysis"). All aged rats used in this study disclosed signs of behavioral disturbances, defined according to a previously described staging protocol (38) . Briefly, the symptoms were most evident in the hind limbs and ranged from a moderate muscular atrophy and an adduction insufficiency in the least affected cases (stage I), to a more or less complete paralysis of the hind limbs with severe wasting of the hind-limb muscles in the most severely affected animals (stage III). The aged rats used in this study were in stages II or III.
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overnight and then cut on a Vibratome (Oxford Lab, San Mateo, CA) in 50-um-thick transverse sections. Sections from two aged and two young adult animals were treated with 1% OsO 4 in PBS for 1 h, dehydrated in a graded series of alcohol (with a final step in 100% acetone, 20 min), and embedded in Durcupan ACM (Fluka, Buchs, Switzerland). The embedded sections were inspected in the light microscope, and appropriate areas of the ventral horn motor nuclei were trimmed out and subjected to ultrathin sectioning with an LKB Ultratome (LKB, Gaithersburg, MD) and mounted on formvar-coated nickel slot grids.
From the remaining animals, Vibratome sections from Cs-8, midthoracic, and L 2 ,4-6 spinal cord levels were incubated in Marchi's solution [one part 1% osmium and three parts 1% KC1O 3 dissolved in 300 mOsm/liter phosphate buffer (49, 50) ] for 18 h, dehydrated in alcohol (with a final step in 100% acetone, 20 min), and embedded in Epon (Agar 100 resin; Agar Aids, Essex, U.K.) between plastic foils for light microscopy. These sections were used to study Marchi positive bodies (MPBs) in the white matter.
Electron Microscopic Analysis
Axonal boutons in direct contact with a total of 8-12 large cells in the cervical and lumbar lateral motor nucleus, respectively, were analyzed qualitatively and quantitatively in two aged and two young adult rats. In all, 40 neurons were examined in the electron microscope, and photographs were taken at X 3000 magnification for the quantitative analysis (final magnification, X 12,000). The neurons were considered to be a-motoneurons because they were located in the lateral motor nucleus and had a mean cell body diameter exceeding 30 urn in the nuclear plane. All quantitative measurements were performed with a digitizing tablet (Summagraphics, SummaSketch Plus, Fairfield, CT) and commercially available software (Bioquant, R&M Biometrics, Nashville, TN; Excel, Microsoft Corp., Redmond, WA; ProStat, Poly Software Intl., Salt Lake City, UT; Kaleidagraph, Synergy Software, Reading, PA). For each of the 40 cells, the following parameters were recorded: (i) the total length of the postsynaptic membrane, (ii) the total number of synaptic boutons in direct apposition to the cell body membrane, and (iii) the total proportion of the cell membrane covered by synaptic boutons (percent synaptic covering) (51) . In addition, the cell body diameters of these neurons were measured in the nuclear plane by using adjacent semi-thin sections (0.5-1 urn) counterstained with toluidin blue.
Immunofluorescence Histochemistry
Four aged and four young adult rats deeply anaesthetized with chloral hydrate (300 mg per kg" 1 i.p.) were perfused transcardially with warm (37°C), Ca 2+ -free Tyrode's solution followed by cold fixative (4°C) containing 4% (w/v) paraformaldehyde and 0.2% (w/v) picric acid in 0.1 M PBS (pH 7.2) (52,53) for 8 min. Cervical (C 5 -7 ) and lumbar (L4-5) spinal cord segments were dissected out, immersed in fresh fixative for 90 min, and stored in 10% sucrose buffer solution containing 0.01% sodium azide (Sigma, St. Louis, MO) and 0.02% Bacitracin (Bayer, Leverkusen, Germany) overnight at 4°C. Sections were cut at 14 urn in a cryostat (Dittes, Heidelberg, Germany) and thaw-mounted onto chrome-alum gelatin coated slides. Indirect immunohistochemistry for visualization of GFAP-immunoreactivity (IR) was performed according to the technique of Coons and collaborators (54) . After rehydration in 0.1 M PBS the sections were preincubated for 1 h at room temperature in PBS containing 10% normal donkey serum and 0.3% Triton X-100 and then incubated for 72 h at 4°C in a humid chamber with a mouse monoclonal antibody to GFAP (dilution 1:50; Boehringer Mannheim, Stockholm, Sweden) in PBS containing 1% bovine serum albumin, 0.3% Triton X-100, 0.01% sodium azide, and 0.02% Bacitracin (55) . After incubation with the primary antiserum the sections were rinsed several times in PBS, transferred to a humid chamber, and incubated at 37°C for 30 min with a fluorescein isothiocyanate (FITC)-conjugated donkey anti-mouse high affinity purified antiserum (1:40; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). The sections were rinsed in PBS and mounted in glycerol/PBS (3:1) containing 0.1% /7-phenylenediamine to retard fading (56, 57) . The specificity of the GFAP antibody has been characterized previously (58) . Furthermore, the general labeling pattern agreed with previous studies using this antibody, and omission of the primary antibody resulted in no labeling.
CLSM and Light Microscopy
The tissue sections were examined in either a Nikon Microphot-FX epifiuorescence microscope equipped with the proper filters for FITC-fluorescence (filter cube B-2A; 510-nm dichroic mirror; 450-to 490-nm excitation filter; 520-to 560-nm barrier filter; and 550-nm extra barrier shortpass filter), or a Sarastro 1000 confocal laser scanning microscope (CLSM). Briefly, the 488-nm line of an argon ion laser was used as excitation light, and the FITC-fluorescence was collected through a dichroic mirror (split wave length, 500 nm) and a long pass filter (LP, 515 nm). The images were recorded with a X40/1.0 oil-immersion planapochromate objective with a depth resolution of = 2 urn (59). The lateral pixel spacing was set to 0.25 urn and the z-axis stepping size to 0.4 um. A series of 20 consecutive optical sections were recorded from each specimen for each image stack, thus covering a tissue depth of 8 um, Photomicrographs were taken in the light microscope with black-and-white Kodak Technical Pan (processed as 400 ASA, Kodak, Rochester, NY), and digital images were printed on a Kodak printer.
Quantitative Analysis of MPBs
Five sections from cervical, thoracic, and lumbar level of the spinal cord, derived from two animals in each age group (see above), were used for light microscopical counting of MPBs. MPBs are defined as rounded or sometimes ellipsoidal black bodies with a diameter <20 um. MPBs have been suggested to represent degenerated myelin, taken up by microglial cells in parallel with a structural or chemical transformation (60) . MPBs were counted in six regions of the white matter at each spinal cord level (see Figure 5D ) using an eye-piece grid and a X 60/1.4 Nikon oil-immersion planapochromate objective. All MPBs throughout the depth of the section within the grid were counted. In the counting, no distinction was made between MPBs and Marchi-posi-tive granules (60) . Each region measured 180 X 180 um and had a thickness of 50 um.
Statistical Analysis
Analysis of variance (ANOVA) with multiple comparison (Fisher's LSD test) was used to test differences between data from the two age groups. Test of difference between two samples was accomplished by the nonparametric Mann-Whitney U test. Data clustering was performed using K-mean cluster analysis. The x 2 was used to test bin data. H o was rejected at p > .05, and the levels of significance were indicated in tables and illustrations as follows: p > .05 = NS, p < .05 = *,/?< .01 = **,/?< .005 = ***. Correlation analysis was performed using linear leastsquare regression (significance was set to r 2 > .50).
RESULTS
General Observations
Examination of semi-thin sections in the light microscope ( Figure 1A ) revealed aggregates of lipofuscin-like granules in all aged motoneurons. Except for the age pigments, however, no conspicuous difference in the gross morphology of aged compared to young adult motoneurons could be detected. Measurement of the mean cell body diameter of the motoneurons subjected to synaptological analysis revealed no statistically significant difference between the two age groups (Table 1 ). At the electron microscopic level, however, it became evident that many aged motoneurons differed in appearance based on the surface membrane contour and the membrane coverage. One group of aged motoneurons closely resembled young adult motoneurons, showing a fairly smooth cell body outline apposed by numerous boutons (Figure 1 A-C) . The second group disclosed profound irregularities along the plasma membrane (Figure 1 A, B , and D), with numerous small extensions (appendages) resembling sprouts. Such processes were occasionally involved in synapse formation with apposing boutons. Long stretches of the cell body membrane appeared vacated of apposing boutons and were instead covered by pale processes. Motoneurons with this abberant or "reactive" appearance were intermingled with motoneurons that had a normal appearance (Figure 1 A and B) . Normal and reactive motoneurons were seen in both the cervical and lumbar spinal cord in the two aged rats. Reactive motoneurons were not encountered in specimens from the young adult rats.
Axosomatic Boutons on Motoneurons
Some of the quantitative data have been compiled in Table 2 . Considering the whole sample from both age groups, the ANOVA revealed a significant decrease in both the number of boutons per 100 urn soma membrane length (p < .05) and the percentage membrane covering by boutons (p < .001) in aged rats, whereas the difference in mean length of bouton apposition was not significant (p > .05). As evident from the data in Table 2 , aged rat Agl showed a more marked decrease of the two parameters than aged rat Ag2 when compared to the young adult controls (Fisher's LSD). However, there was no significant difference within the age groups.
In the subsequent analysis, aged and young adult rat motoneurons, respectively, were partitioned in cervical and lumbar motoneurons. Because no statistically significant difference was evident between animals within each age group, data were pooled. The data have been plotted in the diagrams of Figure 2 A and B. They show that the results from the unpartitioned data sets (Table 2 ) also were valid for cervical and lumbar motoneurons, separately. However, the aging-related decrease in bouton apposition parameters was less pronounced in cervical motoneurons compared to lumbar motoneurons, indicating that lumbar motoneurons are more severely affected at this age. This difference could not be explained by bias caused by the small difference between rats Agl and Ag2, because Agl contributed with four neurons to both the cervical and the lumbar motoneuron sets. The diagrams also reveal that aged motoneurons are not a homogeneous group deviating from young adult motoneurons. It is clear (Figure 2 A and B) that a subset of both cervical (50%) and lumbar (40%) motoneurons in the aged rats have values for the measured bouton apposition parameters that are similar to those seen in young adult rats. Cluster analysis of the entire sample of motoneurons ( Figure 2B ), revealed one cluster around 53% membrane covering by boutons and another cluster centered around 31% membrane coverage. One young adult cervical motoneuron, six aged cervical motoneurons, and six aged lumbar motoneurons belonged to the cluster with the lower covering values.
Among the aged motoneurons ( Figure 2C ) there was no significant covariation between bouton apposition length, on one hand, and the number of boutons per unit membrane length, on the other (fraction of explained variance: 7-17%, p > .05). In fact, a number of the motoneurons with the smallest values for bouton numbers ( Figure 2C ) or bouton coverage (data not shown) disclosed values for bouton apposition length coinciding with the average value recorded in young adults.
GFAP-like IR
To further analyze the increased covering of motoneurons by pale processes, we used immunohistochemistry for GFAP. The labeling pattern for GFAP-like immunoreactivity (LI) showed a robust increase throughout the gray matter of aged rats as compared to young adult rats (Figure 3) . Around a number of the large neurons in the lateral motor nucleus of the aged rat, presumably motoneurons, a very dense accumulation of GFAP-IR processes could be seen (Figure 3 A and B and Figure 4 A and B) .
The labeling for GFAP also showed a conspicuous increase in certain regions of the white matter, such as the dorsal column ( Figure 3 D and H ) and outer part of the lateral funiculus (Figure 3 A and E).
MPBs
The Marchi-stained spinal cord sections from the aged rats ( Figure 5 A and B) showed the occurrence of numerous MPBs and cystic enlargements in the white matter. MPBs were of variable size, ranging in diameter from about 10 ujn, down to the resolution of the microscope, i.e., =0.3 um. The occurrence of MPBs varied strongly from region to region of the white matter (see Figure 5 D and E) but was generally several times higher than that found in normal young adult rats. The white matter regions with the largest number of MPBs in the aged rats were the medial portion of the dorsal column and the outer part of the dorsolateral funiculus ( Figure 5 A-C) . However, in the lumbar spinal cord of aged rats, the most medial portion of the dorsal columns had a pale appearance and thus seemed almost devoid of myelin ( Figure 5B ).
DISCUSSION
The main finding of this study is that about half of cervical and lumbar motoneurons in aged rats seem to have lost about 50% of their axosomatic boutons. Long stretches of the cell body plasma membrane, seemingly vacated of boutons, were apposed by pale processes. Labeling for GFAPlike IR showed that a number of motoneurons appeared as "embedded" in GFAP immunopositive processes. At the ultrastructural level, the plasma membrane of such neurons showed frequent irregularities, such as sprout-like extensions that, in some cases, were sites of axosomatic contacts. Aged motoneurons with this kind of reactive appearance were intermingled with motoneurons that had a normal pattern of apposing boutons and a fairly smooth plasma membrane contour, indicating that these aging-related changes are selective within the population of spinal cord motoneurons. 
Loss of Axosomatic Input to Aged Motoneurons
We have used the method described by Conradi and Ronnevi [ref. 61; see also Conradi (51) ] to examine changes in bouton covering of motoneurons. Bouton covering is a combined measurement of number of apposing boutons and the apposition length of the individual boutons. Based on the statistical analysis, it seems that the reduced values for synaptic covering in aged motoneurons were due mainly to a smaller number of bouton profiles. Because the size of the postsynaptic motoneurons did not vary systematically between aged and young adult rats, we deduced that, with all probability, many aged motoneurons have a smaller number of axosomatic boutons. This result is in agreement with data presented by Geinisman (25) from the dentate gyms of aged rats. The loss of axosomatic boutons, however, is not general among motoneurons. It affects about 50% of the motoneurons in the present material (62) . The affected neurons disclosed a decrease in bouton covering in the range of 25-60%. Furthermore, there seems to be a difference between spinal cord levels, with lumbar motoneurons being more severely affected. The differences in values recorded between the two aged rats were not statistically significant but may indicate a variability among members of the same age cohort. This is in line with observations in the basal forebrain of aged rats (62, 63) .
Although the mechanism(s) by which motoneurons become partially deprived of their axosomatic input cannot be answered here, it seems conceivable that the loss may be caused by aging-related lesions of afferent axons to the motoneurons and/or as a reaction to motor axon lesions. There is evidence in favor of both explanations. For example the extensive bulbospinal serotoninergic projection to spinal motoneurons (64, 65) shows signs of fiber degeneration/dystrophy in aged rats (39, 41) . However, there is also strong evidence for motor axon degeneration/demyelination as well as axon losses (34-37,48,66-70 ). On the other (69)]. Thus, it seems that spinal motoneurons suffer axonal insult during normal aging and therefore may react as young adult motoneurons subjected to axon severance (38) .
Loss of synaptic boutons is a major event in the "axon reaction" following axonal severance [for a review, see Lieberman (73) ]. In the axon reaction, the motoneuron is deprived of a large portion of its synaptic input [refs. 74 and 75; for a review, see Lieberman (73) ]. This process starts at the cell body and involves glial cells, resulting in a decrease in both the number of boutons per unit membrane and bouton apposition length. After several weeks, the cell bodies are to a large extent covered by astrocytic processes (75, 76, 77) and at this time point regenerative forces start to restore the synaptic connectivity, which reaches about normal values after several months (H. Lind&, personal communication). Interestingly, during this cycle, the cell body plasma membrane shows complex changes, including sprout-/growth-like extensions (75, 78) . These are conspicuously similar to those found in the present material among aged motoneurons. In lumbar motoneurons, such plasma membrane irregularities were frequently associated with boutons and, thus, were suggested to be part of a regenerative/sprouting process initiated by the axon injury (75) . We therefore suggest that the plasma membrane extensions observed here on aged rat motoneurons may represent a regenerative/restorative effort (28, 79) , whereas the loss of input may have been triggered by aging-associated lesion of the motoneuron axon. This explanation to the observed changes could also fit with the fact that only a subpopulation of aged motoneurons was affected. It is more difficult to conceive that axon dystrophy/degeneration of afferent input, such as the bulbospinal serotoninergic pathway, would significantly influence only a subpopulation of the aged motoneurons.
Astrogliosis
The aged motoneurons that disclosed low values for bouton apposition showed a corresponding increase in apposing pale glial-like processes. GFAP immunohistochemistry revealed that, with all probability, the processes were astrocytic, and in some instances the aged motoneurons were "embedded" in GFAP immunopositive profiles. GFAP may therefore be a useful marker at the light microscopic level in studies of deafferentated motoneurons during aging. Astrogliosis is fairly widespread in the aging brain and spinal cord. It has been associated with loss of axon terminals as in this study, but also with synaptic remodeling (80) . A number of studies have shown increased content of GFAP and GFAP mRNA in aged mouse, rat, and human brains (81) (82) (83) (84) (85) . Our results in the aged rat spinal cord are in line with this. However, what triggers the astrogliosis and increased levels of GFAP around motoneurons during aging remains unresolved. One candidate signal molecule is calcitonin gene-related peptide (CGRP) (86) , which is expressed in motoneurons and up-regulated in the cellular response to axon severance (86, 87) . In vitro experiments have shown that CGRP can activate astroglial cells (89) . Moreover, CGRP binding sites are present on glial cells and CGRP can induce morphological changes in astrocytes (90) . CGRP can also inhibit macrophage activation and thus possibly suppress inflammatory reactions triggered by degeneration/injury in the central nervous system. It is yet unresolved, however, if this signaling mechanism also operates in vivo. Furthermore, it is not known if microglial cells/ macrophages are activated/involved in aging-related lesions (81) . Nevertheless, a large number but not all spinal motoneurons in aged rats show a robust up-regulation of CGRP (38) . Clearly, this issue deserves further attention.
In this study we also noted that some regions of the spinal cord white matter, in particular the dorsal columns, were sites of increased labeling for GFAP. Recently, examination of GFAP null mutant mice revealed derangement of white matter and abnormal myelination, indicating that GFAP (astrocytes) is important for oligodendrocyte function (91) . The increased labeling for GFAP in the white matter of aged rats may be a response to oligodendroglial changes including myelin degeneration (92) . In order to shed some light on this issue, we also examined Vibratome sections incubated with Marchi solution to reveal myelin and myelin breakdown components (MPBs) (50, 93) . White matter regions with large numbers of MPBs in aged rats appeared to coincide with regions disclosing intensive labeling for GFAP. The presence of large quantities of MPBs may indicate an increased breakdown of myelin, as during axon (Wallerian) degeneration. It cannot be excluded, however, that the increased occurrence of MPBs was due to changes in clearance-rate of myelin breakdown products (50, 60) . The weak Marchi staining and the absence of MPBs in the most medial part of the lumbar dorsal columns of aged rats may indicate that breakdown/ elimination of myelin had caused depletion of myelin and myelin breakdown products.
Functional Consequences of a Reduced Axosomatic Input to Spinal Motoneurons
A decreased axosomatic input (19, 40, 41) may result in a decreased activation of the motoneurons and, as a consequence, inappropriate/decreased use of the muscle fibers. Furthermore, lumbar motoneurons should be more extensively affected than cervical motoneurons. In earlier studies (38, 40) we found behavioral signs of motor dysfunction occurring in about 70-90% of the 30-month-old rats (34) (35) (36) (37) , which preferentially affects the hind limbs. A decrease in synaptic input to the parent motoneurons may have contributed to the observed incapacity.
